ABSTRACT: Exposure to cold increases abundance of mRNA for uncoupling protein-3 (UCP3) in skeletal muscle, whereas the influence of exposure to heat is unknown. Thus, we conducted a study to investigate the influence of heat exposure on UCP3 mRNA abundance in porcine skeletal muscle. Three pigs aged 110 to 120 d, with an average BW of 75 kg, from each of eight litters were used. Each littermate was assigned to one of three treatment groups; one group was reared at 32°C and fed ad libitum (32AL) for 4 wk, whereas the other two groups were maintained at 23°C for the same period, and either pair-fed the intake of their 32AL littermates (23PF), or fed ad libitum (23AL). The RNase protection assay revealed that UCP3 mRNA abundance in longissimus dorsi and rhomboideus mus-
Introduction
Uncoupling protein-3 (UCP3) is a member of the mitochondrial anion carrier family primarily expressed in skeletal muscle and brown adipose tissue (Boss et al., 1997; Matsuda et al., 1997) . Due to its high homology to UCP1, which plays an important role in adaptive thermogenesis, a primary function of UCP3 was thought to be control of thermogenesis. Thyroid hormone increases abundance of mRNA for UCP3 in skeletal muscle and brown adipose tissue, whereas the hypothyroid state is associated with lower abundance of UCP3 mRNA in skeletal muscle (Gong et al., 1997; Larkin et al., 1997; Lanni et al., 1999) . Because thyroid hormone is a key regulator of thermogenesis in mam-3493 cles was higher (P < 0.05) in the 32AL group than the 23PF group. The 23AL group also had significantly higher UCP3 mRNA abundance than the 23PF group in these muscles. Plasma total 3,5,3′-triiodothyronine concentration of the 32AL group was lower (P < 0.05) than that of the 23PF group, whereas mRNA abundance of thyroid hormone receptor (TR) isoforms, TRα1 and TRα2, in these muscles was not affected, suggesting that the 32AL group was in a relatively hypothyroid state. Because thyroid hormone up-regulates UCP3 expression, these results indicate that factors other than thyroid hormone may play a role in regulating UCP3 mRNA abundance in skeletal muscle of heatexposed pigs. mals, these findings suggest that UCP3 plays a role in controlling thermogenesis. Although UCP3 mRNA abundance in rat skeletal muscle is upregulated by cold exposure (Lin et al., 1998) , the influence of heat exposure on UCP3 mRNA abundance is unknown. Uncoupling protein-3 mRNA abundance is possibly affected by heat exposure because heat exposure may cause downregulation of thermogenesis (Collin et al., 2001a,b) . In addition, heat exposure causes hypothyroidism in animals (Sano et al., 1982; Collin et al., 2002) , suggesting that UCP3 mRNA abundance may be downregulated by heat exposure. However, upregulation of UCP3 mRNA in muscle induced by fasting refutes a role for UCP3 in controlling thermogenesis because fasting is generally associated with a decrease in thermogenesis (Bezaire et al., 2001) . Further, evidence suggests a role for UCP3 in eliminating reactive oxygen species generated in mitochondria .
On the basis of these earlier investigations, this study was conducted to elucidate the influence of heat exposure on UCP3 mRNA abundance in porcine skeletal muscle, especially in relation to thyroid status. Our aim is to investigate underlying mechanisms of hindered performances of pigs during hot seasons. Thus, longterm rather than acute effects of heat exposure were evaluated in the current study.
Materials and Methods

Animals and Experimental Design
Eight litters of Duroc × (Large White × Landrace) pigs, 110 to 120 d of age, were used. Three barrows of similar BW were selected and were transferred to airconditioned rooms 1 wk before the experimental period. Pigs were kept individually throughout the 1 wk of adaptation period and 4 wk of the experimental period. Average initial BW of the pigs was 75 kg. Pigs of this BW are markedly influenced by a high ambient temperature (Katsumata et al., 1996) . Littermates were assigned randomly to one of the three treatment groups: one group was reared at 32°C and fed ad libitum (32AL), whereas the other two groups were maintained at 23°C and either pair-fed on the basis of the diet consumption of their 32AL littermates (23PF) or fed ad libitum (23AL). The diet provided to the pigs included 140 g of CP and 3.39 Mcal of digestible energy/kg of diet (as-fed basis). The diet for the 23PF group was provided as three meals at equal size at 0900, 1300, and 1600 to avoid the large postprandial heat increment caused by one large meal. Drinking water was always available.
Following the regular management and care for pigs of National Agricultural Research Center for Kyushu Okinawa Region (KONARC), the pigs were slaughtered at 0900 at the abattoir of KONARC by electrical stunning followed by exsanguination. As noted previously, the specific aim of this study was to determine the long-term effects of ambient temperature and/or nutritional status rather than the acute effects of feeding. Therefore, the diet was removed 18 h before the sampling. Nonetheless, a criticism may arise that this food deprivation affected gene expression of UCP3 and thyroid hormone receptor (TR) isoforms. Thus, we tested whether 18-h food deprivation affected mRNA abundance of UCP3 and TR isoforms in muscle from pigs kept at 26°C; five barrows aged 9 wk were subjected to 18-h food deprivation before tissue samplings, whereas another five barrows aged 9 wk were allowed free access to diet until tissue sampling.
Muscles selected for analysis of UCP3 and TR mRNA isoforms were longissimus dorsi (LD; a predominant fast-twitch oxidative-glycolytic muscle) and rhomboideus (a mixed slow-and fast-twitch oxidative-glycolytic muscle). We selected these functionally and metabolically distinct muscles because muscle-type dependency in the regulation of UCP3 gene expression had been already reported (Samec et al., 1998a,b) . Muscles were taken rapidly, divided into 5-g portions, frozen in liquid N, and stored at −80°C. Care was taken to ensure that muscles were sampled at the same relative point in relation to depth and distance from origin. In particular, samples of LD were taken from the midback region.
There was a concern that it might be technically difficult to get appropriate blood samples when animals are slaughtered at the abattoir. Further, we wanted to avoid stress due to blood sampling with puncture shortly before the tissue samplings. Thus, blood samples were collected via jugular vein venipuncture 19 h before the tissue sampling. Plasma was stored at −20°C until analysis for plasma total 3,5,3′-triiodothyronine (T 3 ) concentration by RIA carried out by SRL, Inc. (Tokyo, Japan). Plasma NEFA concentration was determined by using a commercially available kit (NEFA CTest Wako, Wako Pure Chemicals, Osaka, Japan). All experimental procedures were carried out in accordance with the Regulation of Animal Experiments of KO-NARC and approved by their Animal Experiments Committee.
Total RNA Extraction and RNase Protection Assay
Total RNA was extracted from 0.5-g portions of frozen muscle samples by the guanidinium thiocyanate method (Chomczynski and Sacchi, 1987) and quantified by absorbance at 260 nm. The integrity of total RNA was routinely checked by agarose gel electrophoresis and ethidium bromide staining of the two ribosomal RNA bands. Messenger RNA of porcine LD muscle was purified from 100 g of its total RNA by using a commercial kit (OligotexTM-dT30 <Super>, Takara, Kyoto, Japan), and the aliquot was used to generate first-strand cDNA using a commercial kit (first Strand cDNA Synthesis Kit for RT-PCR [AMV], Roche Diagnostics, Tokyo, Japan). Polymerase chain reaction was carried out on this cDNA to generate an UCP3 DNA fragment, using oligonucleotide primers based on the published porcine UCP3 cDNA sequence (Werner et al., 1999) . The 5′ primer (5′-CG[GAATTC]CGCATCACGAGGAA TGCCATC-3′) representing nucleotides 799 to 817 of the UCP3 sequence contained an EcoRI recognition site (in parentheses). The 3′ primer (5′-CCC[AAGCTT]GG TCCGAAGGCAGAGACAAAG-3′) was the complement of nucleotides 904 to 922 and contained HindIII recognition site (in parentheses). The resulting PCR product was digested with EcoRI and HindIII to give a 130-bp DNA fragment, cloned into Bluescript KS (Stratagene, La Jolla, CA), and the DNA sequence was verified by fluorescent double-stranded DNA sequencing. The plasmid DNA was linearized by EcoRI digestion and used as a template to generate an antisense riboprobe in an in vitro transcription system using T3 RNA polymerase in the presence of [α-32 P]UTP. This UCP3 riboprobe had a full length of 200 nucleotides, of which 130 were protected.
The riboprobes used for TR isoforms were constructed to detect mRNA of TRα1 and TRα2 isoforms in porcine muscle (White and Dauncey, 1999) . The total RNA used was extracted from two different muscles, LD and rhomboideus. The RNase protection assay for UCP3 mRNA with the novel riboprobe was carried out in duplicate using 25-g samples of total RNA and the assay Pigs were reared at 32°C (32AL) or maintained at 23°C and either pair-fed the intake of their 32AL littermates (23PF), or fed ad libitum (23AL). Food intake on an as-fed basis. b,c,d Values are least squares means and pooled SE; growth performance (n = 8), total T3 (n = 6), and NEFA (n = 5). Values within rows with different superscripts differ, P < 0.05.
for TR isoforms was carried out as single assay using 50-g samples of total RNA. The method of RNase protection assay has been described previously (Katsumata et al., 1999) . Samples were hybridized with a small molar excess of the radiolabeled antisense UCP3 and TR isoforms to ensure linearity of the assay with respect to RNA. After 16 h of hybridization at 45°C, excess nonprotected RNA was digested with RNase A (50 mg/L; approximately 1 U/sample) and RNase T1 (30 × 104/L; approximately 80 U/sample). The protected hybridization products were purified by extraction in phenol/chloroform/isoamyl alcohol (25:24:1) and separated on 6% polyacrylamide sequencing gels. The dried gels were exposed to x-ray film at −80°C, and relative intensities of the protected bands were quantified by densitometry (Densitograph, Atto, Osaka, Japan).
Real-Time Reverse Transcription PCR Analysis
We confirmed previously that RNase protection assay and real-time reverse-transcription (RT) PCR analysis gave the same results in different studies; a low-lysine diet up-regulates GLUT4 mRNA abundance in porcine muscle (Katsumata et al., 2001 (Katsumata et al., , 2003 our unpublished observation) . Based on these experiences, real-time RT-PCR analysis was conducted to test whether 18-h food deprivation affected mRNA abundance of UCP3, TRα1 and TRα2. β-Actin was used as an internal standard. One microgram of each total RNA sample was subjected to RT to obtain first-strand cDNA using a commercial kit (SuperScript First-Strand Synthesis System for RT-PCR; Invitrogen Corp., Carlsbad, CA). Quantification of mRNA was performed with the Roche Diagnostics apparatus using a Light Cycler-Fast Start DNA Master SYBR Green I kit (Roche Diagnostics K. K., Tokyo, Japan). Linearity of each assay was always checked with a standard curve at 10-fold serial dilution of a standard sample from 0.1 to 0.0001, as recommended by the manufacturer. Further, all the tested samples were subjected to 0.01 dilutions as all the amplification plots stayed within the range of each standard curve. Forward and reverse primers were as follows, respectively; UCP3, 5′-CAACATCACGAGGAATGCCATC-3′ and 5′-AAGGCAGAGACAAAGTGGCAGG-3′; TRα1, 5′-TCCGACGCCATCTTTGAACTG-3′ and 5′-GATCAT GCGGAGGTCAGTCAC-3′; TRα2, 5′-GGACGACACG GAAGTGGCTC-3′ and 5′-TGCGGACCCTGAACAACA TGC-3′; β-actin, 5′-TCCTGTGGCATCCATGAAACT-3′ and 5′-GAAGCATTTGCGGTGCACGAT-3′ (Nudel et al., 1983) .
Statistical Analyses
The statistical analysis was carried out by using the GLM procedure of SAS (SAS Inst., Inc., Cary, NC). The data obtained from pigs of the 32AL, 23AL, and 23PF groups were subjected to ANOVA for a randomized block design, where litters were blocks, and treatments were the main effects, whereas the data obtained from pigs aged 9 wk were subjected to one-way ANOVA. Comparisons between means were made by the LSMEANS statement of the GLM procedure, computing the least significant differences. Differences were considered significant when P < 0.05. Results were expressed as means and pooled standard errors.
Results
Growth performance and concentrations of plasma total T 3 and NEFA are shown in Table 1 . As expected, food intake and growth rate were less (P < 0.01) in the 32AL group than in the 23AL group. Interestingly, despite the same food intake, the growth rate of the 32AL group was less (P < 0.01) than that of the 23PF group. As a result, feed efficiency was less (P < 0.05) in the 32AL group compared with the 23PF group. Plasma total T 3 concentration of the 23PF group was greater (P < 0.05) than those of the 32AL and 23AL groups, whereas no difference was observed between the 32AL and the 23AL groups (P = 0.680). Concentration of plasma NEFA was not affected by the treatments (P = 0.811).
As shown in Table 2 , the effects of food deprivation for 18 h on abundance of mRNA for UCP3, TRα1, and TRα2 in LD and rhomboideus of pigs at 9 wk of age were not detected. Neither ambient temperature nor food intake affected mRNA abundance of TR isoforms (Figure 1 ). An autoradiograph obtained using the newly constructed riboprobe, showing protected bands of 130 bp for UCP3 and results from the RNase protection Values are the means and pooled SE (n = 5). UCP3, TRα1, and TRα2 mRNA were normalized with respect to β-actin mRNA. Each mean of the "Free access to feed" group is expressed as 1.00.
analysis of UCP3 mRNA, are given in Figure 2 . Although we had expected that UCP3 mRNA abundance would be downregulated at a high ambient temperature, the abundance in LD and rhomboideus of the 32AL group was 10-and 6-fold higher than that of the 23PF group, respectively (P < 0.01; Figure 3) . Further, UCP3 mRNA abundance in these two muscles of the 23AL groups was also higher than that of the 23PF group (P < 0.01; Figure 3 ). No differences were observed in UCP3 mRNA abundance between the 32AL and the 23AL groups (Figure 3 ).
Discussion
Real-time RT-PCR analysis did not detect effects of food deprivation for 18 h on mRNA abundance of UCP3, Figure 1 . Abundance of mRNA for thyroid hormone receptor (TR) isoforms in longissimus dorsi (LD) and rhomboideus from pigs reared at 32°C (32AL) or maintained at 23°C and either pair-fed the intake of their 32AL littermates (23PF), or fed ad libitum (23AL). Mean value of TRα1 from each muscle of the 32 AL group is expressed as 1. Values represent means and pooled SE, n = 8.
TRα1, and TRα2 in LD and rhomboideus. Indeed, as indicated by the large variation particularly observed in TRα2 mRNA abundance in rhomboideus, one of the reasons that the assay did not detect the effects of the food deprivation might have been the size of the experiment. However, no definite tendency was observed. Therefore, food deprivation for 18 h may not be long enough to affect mRNA abundance of these genes at least in porcine skeletal muscle. Thus, we believe that the observed change in mRNA abundance of UCP3 and TR isoforms from the 32AL, 23AL, and 23PF groups are the results of long-term effects of thermal environment and/or nutritional status. On the other hand, as it is generally accepted that food deprivation upregulates UCP3 mRNA expression in the muscle of other species, a time study to elucidate the effects of feed intake on UCP3 mRNA abundance in porcine muscle may be necessary. The most important finding is that UCP3 mRNA abundance in LD and rhomboideus was significantly greater in the 32AL and the 23AL groups than in the 23PF group. Two opposite interpretations of this finding may be possible; UCP3 mRNA abundance was increased in the 32AL and 23AL groups, or it was downregulated in the 23PF group. According to our latest study with rats fed ad libitum, UCP3 mRNA abundance in LD of rats was increased after 4 d exposure to 32°C, whereas it was not different from that of rats fed kept at 23°C when the exposure was elongated to 14 d (unpublished observations). The data showed that UCP3 mRNA expression was upregulated shortly after the application of heat exposure and then down-regulated toward to the level of the 23°C group over the next 10 d. As rats were fed ad libitum, feed intake was approximately 40% lower in rats kept at 32°C compared with rats kept at 23°C. Relatively severe food restriction by 50 to 60%, resulting in decreased BW, downregulates or does not affect UCP3 mRNA abundance in rodent muscle (Cusin et al., 1998; Cha et al., 2004) . Therefore, the upregulation of UCP3 mRNA in rat muscle shortly after the application of heat exposure is probably due to heat exposure per se. Thus, upregulation of UCP3 mRNA abundance in the 32AL group, rather than downregulation in the 23PF group, might have occurred in the current study. This latest study also shows that the critical window for detecting temperature-related differences in UCP3 mRNA abundance in rat muscle is following heat exposure is applied, not 14 d later. This suggests that the magnitude of upregulation of UCP3 mRNA abundance in the 32AL group might have been possibly greater than that of the 23AL group shortly after heat exposure was applied. Conceivably, a possible explanation for the higher UCP3 mRNA abundance in the 23AL group compared with the 23PF group may be body fat content. Bao et al. (1998) reported that the short form of human UCP3 mRNA abundance is positively correlated with body fat content, and its long form tends to increase as a function of obesity. Further, overweight is associated with higher UCP3 mRNA abundance in rats (Rodriguez et al., 2003) . Body Figure 2 . Autoradiograph from RNase protection assay illustrating uncoupling protein-3 (UCP3) mRNA abundance in rhomboideus muscle in two littermate groups of pigs reared at 32°C (32AL) or maintained at 23°C and either pairfed the intake of their 32AL littermates (23PF) or fed ad libitum (23AL). Duplicate measurements were made. The gel had been exposed to x-ray film for 48 h.
fat content of pigs in the 23AL group might have been higher than that of pigs in the 23PF group.
As predicted, pigs kept at a high ambient temperature had significantly lower plasma total T 3 concentrations when the comparison was made at the same level of food intake (32AL vs. 23PF). This finding agrees with the results of earlier studies showing that heat exposure induces hypothyroidism in animals (Sano et al., 1982; Collins et al., 2002) . Further, no clear effects of the treatments were observed on TR isoforms mRNA abundance. Thus, in view of a function of thyroid hormone in promoting expression of UCP3 mRNA in skeletal muscle, higher UCP3 mRNA abundance of the 32AL group compared with the 23PF group could not be explained by thyroid status. Therefore, an alternative explanation of the mechanisms causing higher UCP3 mRNA abundance in the 32AL group compared with that in the 23PF group is required.
It has been observed that UCP3 expression is high in situations where plasma fatty acid concentration is elevated. This suggests that UCP3 plays a significant role in the metabolism of fatty acids (Millet et al. 1997; Samec et al. 1998a,b; Weigle et al. 1998; Schrauwen et al., 2001 Schrauwen et al., , 2002 . Chronic malnutrition followed by food deprivation for 46 or 24 h in rats markedly upregulated UCP3 mRNA abundance in gastrochemius and tibialis anterior muscles (Samec et al. 1998a,b) . Although UCP3 mRNA expression in soleus muscle was also upregulated by the food deprivation in these studies, the magnitude of response was much lower compared than that in the other two muscles. Gastrochemius and tibialis anterior are fast-twitch, glycolytic/oxidativeglycolytic type muscles with high capacity to shift between glucose and fatty acids as fuel substrates, whereas soleus is a slow-twitch, oxidative type muscle with higher dependency on fatty acids. The higher magnitude of upregulation of UCP3 mRNA in gastrochemius and tibialis anterior can be attributed to the higher capacity of these muscles to shift between glucose and fatty acids as fuel substrates. We observed that proportions of oxidative and slow-twitch fibers in rhomboideus in the pig were 1.6-and 5-fold higher compared with LD, respectively (Katsumata et al., 2000) . Thus, if fatty acids play a dominant role in regulating UCP3 mRNA abundance in the current study, UCP3 mRNA expression in LD and rhomboideus could differentially respond to the treatments. Schrauwen et al. (2002) has shown that the circulating level of plasma fatty acid at rest does not necessarily reflect UCP3 expression in muscle. As shown in Table 1 , plasma NEFA concentration was not affected by the treatments. Further, in our previous studies, high ambient temperature did not affect plasma NEFA concentration in finishing pigs (our unpublished observations). Thus, after at least 4 wk of exposure to a high ambient temperature, factors other than fatty acids might have played a role in regulating UCP3 mRNA abundance in porcine skeletal muscle. Another possible explanation for higher UCP3 mRNA abundance in the 32AL group may be oxidative stress. It has been suggested that heat stress induces oxidative stress in cells and animals (Bernabucci et al., 2002; Lakritz et al., 2002; Ozawa et al., 2002) . Evidence indicates a biochemical role for UCP3 in eliminating reactive oxygen species generated in mitochondria (VidalPuig et al., 2000; Brand et al., 2002; Echtay et al. 2002) . This suggests that UCP3 mRNA abundance in skeletal muscle is upregulated in heat-exposed pigs to eliminate excess reactive oxygen species in mitochondria. Indeed, Petzke et al. (2003) reported recently that abundance of UCP2 and UCP3 mRNA in rat muscle correlated to levels of oxidative stress induced by different dietary protein levels. However, to our knowledge, no one has yet proved that oxidative stress per se upregulates expression of UCP3. Thus, further studies are required to conclude that oxidative stress plays a role in regulation of UCP3 mRNA expression in skeletal muscle.
The present findings suggest that UCP3 mRNA expression in porcine muscle is upregulated by heat exposure. Although thyroid hormones and fatty acids play a significant role in regulating gene expression of UCP3 in muscle, different factors might have been involved in this upregulation. In view of a postulated function of UCP3 in eliminating reactive oxygen species from mitochondria, one possible candidate explaining this upregulation may be oxidative stress caused by heat exposure. However, further studies are necessary in this respect because there is currently no direct evidence supporting a role of oxidative stress in regulation of UCP3 expression.
Implications
Heat stress hinders productivity of pig production in regions where pigs are exposed to high ambient temperature during the summer season. Although the exact physiological function of uncoupling protein-3 is still a controversial issue, upregulation of uncoupling protein-3 expression may promote uncoupling of oxidative phosphorylation from adenosine triphosphate synthesis in mitochondria. The present findings suggest that upregulation of uncoupling protein-3 due to heat exposure may contribute to hindered performance by pigs at high ambient temperature. Because our knowledge on physiological significance of uncoupling protein-3 in performance of farm animals is limited, this may be an extremely important future research subject of farm animal physiology.
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